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ABSTRACT: The insertion mechanism of styrene polymerization with a Cp-based ansa-matallocene
catalyst (Cp = 7°-CsHs) was investigated by the density functional theory (DFT). The metallocene catalyst
adopted in this study, Si(CH3).Cp,Ti(CHs)2, is experimentally known as a highly syndiospecific catalyst
for styrene polymerization. A cationic species, SiH,Cp,Ti*—CHpg, is used as an activated form of the catalyst
for modeling the initiation of styrene polymerization when one calculates the first insertion of a styrene
monomer into the cationic species. Calculations for the second insertion of styrene monomer into the
product of the first insertion were also performed. The results of the second insertion of styrene monomer
suggest that the frontside insertion of the second styrene leads to a Hs-transfer reaction, while the backside
insertion, which is favored over the frontside insertion, produces a highly syndiotactic product without
the Hg-transfer reaction. This is in agreement with the experimental result. In the backside styrene
insertion, the transition state is characterized by a $-agostic interaction than an a-agostic interaction
because the a-agostic interaction has the repulsive interactions between catalytic ligands and substituents
bonded to C, of growing polymer chain. The stereoselectivity of the backside insertion is rationalized by
the chain-end-control mechanism, and this mechanism also rationalizes higher insertion steps of styrene

monomers.

I. Introduction

There have been substantial interests in homoge-
neous metallocene catalysts as an alternative to clas-
sical Ziegler—Natta heterogeneous catalysts.! These
new compounds, metallocene catalysts, have several
desirable properties such as high activity and an ability
to produce high-molecular-weight polymers with a nar-
row molecular-weight distribution. Moreover, it is pos-
sible to control rigorously stereoselectivity by tailoring
metallocene ligands.2—>

Many experimental investigations have been under-
taken to understand the mechanism of metallocene-
based polymerization.5=° Experiments have focused
mainly on the effect of metallocene structure on the
stereospecificity of polymer. However, the experimental
works have been unsatisfactory to fully elucidate the
insertion mechanism of metallocene-based polymeriza-
tion due to limitation of instrumental facility in moni-
toring the reaction in a molecular level.

As supplementary methods, theoretical studies such
as ab initio calculation,°=2° semiempirical approachs,2:-2
and the density functional theory (DFT)?8-35 have been
performed with much attention on the subject of met-
allocene-based polymerization. The methods have given
us a basic insight into the real mechanism, which
controls stereo- or regioselectivity of polymerization, and
have also provided a guideline to design new catalyst
for polymers having desired properties.

Up to date, however, most of these theoretical studies
have concentrated on olefin polymerization. Conse-
quently, very few of the theoretical studies have been
carried out for elucidating the reaction mechanism of
metallocene-catalyzed styrene polymerization, although
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the styrene polymerization has attracted much interest
from industry in the past decade®® since syndiotactic
polystyrene was first synthesized in 1985.37 The only
theoretical study on the metallocene-based styrene
polymerization, to our knowledge, is a density functional
study by Cavallo and co-workers,383% who investigated
the mechanism of chain-end stereocontrol in syndiospe-
cific polymerization of styrene with the catalytic model
based on CpTiTCH(Ph)CHj3 species (Cp = 5°>-CsHs, Ph
= phenyl ring). Although their work provides some
meaningful information on the coordination behavior of
styrene monomer to the catalytic site, the explanation
for the insertion mechanism is still unsatisfactory due
to simplification of their model used for the catalytic
ligand and a growing polymer chain. Moreover, possible
side reactions were not fully investigated since the
directionality of styrene approach was not taken into
account. In summary, the complete mechanism of syn-
diospecific styrene polymerization with metallocene
catalyst has been still unraveled.

In this paper, we investigate the insertion mechanism
for styrene monomer into a Cp-based ansa-metallocene
catalyst in order to elucidate the origin of the stereo-
selectivity of metallocene-based styrene polymerization.
Especially, we focus on how the chirality of growing
polymer chain affects the directionality of styrene
insertion in relation with the stereoselectivity.

This paper is organized as follows. The details of the
computational method are presented in the next section.
In section 111, the results of DFT calculations are
presented for the first insertion into the cationic cata-
lyst, i.e., SiH,Cp,Ti*—CHjs, which is defined as an
initiation in this study. In section 1V, the results for the
second monomer insertion are presented, and the di-
rectionality of the styrene monomer insertion is dis-
cussed in detail by comparing the energy profile of the
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Figure 1. Structure of cationic catalyst (Al), SiH,Cp,Tit—CHs, for the first insertion of styrene, in which bond lengths and
angles are in angstroms and degrees, respectively. The left picture is a top view and the right is a side view of Al.

frontside insertion with that of the backside insertion.
Finally, we summarize our main results in the last
section.

1. Computational Details

Fundamentals of the computational method are simi-
lar to our previous work.%® All calculations were per-
formed using the DMol® program (Accelrys Inc.) based
on DFT.%! Electronic configurations of molecular sys-
tems were described by restricted double-numerical
basis sets with polarization functions for all atoms
except for hydrogen. The 1s22s22p® configuration on
titanium was assigned to the core and treated by the
frozen-core approximation. A geometry optimization was
carried out using the Broydan—Fletcher—Goldfarb—
Shanno*?~44 (BFGS) energy minimization algorithm for
each molecule. The general gradient approximation
(GGA) correction was applied to the energy calculation
with the exchange functional of Becke*® and the cor-
relation functional of Perdew and Wang*®47 after the
energy was first calculated at the local density ap-
proximation (LDA) level.

The cationic methyl titanocene, SiH,Cp,Ti*—CHg, is
used as a model catalyst to simplify the activated
catalytic species of Si(CH3)>Cp2Ti(CHs)2, which is a well-
known ansa-metallocene catalyst for highly syndiospe-
cific styrene polymerization.*® The simplification of
Si(CH3), by SiH; in the model catalyst is assumed to
have a negligible effect on the reaction mechanism,
although the electronic charge density on the Si atom
might be slightly changed. The insertion of a styrene
monomer was performed by a stepwise decrease in the
reaction coordinate, followed by optimization of geom-
etry with respect to all other degrees of freedom at each
step. The reaction coordinate is defined as the distance
between the C, atom (i.e., the carbon which is directly
attached to the titanium) and the carbon atom which
is the nearest to C, among carbon atoms of inserting
monomer. For the Hg-transfer reaction, the reaction
coordinate is defined as the distance between C, atom
of monomer and Hg atom. The decrease in the reaction
coordinate corresponds to an approach of a monomer
toward the reactive site of the catalyst. By this stepwise
insertion process described above, the reaction under-
goes three distinctive states: m-complex, transition
state, and product. The z-complex is a local minimum
on the energy profile during monomer insertion, the
transition state is a maximum point on the energy
profile in the reaction coordinate between complex and
product, and the product is an energetically global

minimum point. This procedure was applied to all of
monomer insertion processes.

Counterion effects were not taken into account in this
study because it is too time-consuming to calculate the
counterion effect in styrene insertion. However, some
discussion on the counterion effect is given in the final
section after a detailed description for the insertion
mechanism.

I11. Initiation

The optimized structure of the cationic methyl ti-
tanocene (A1) is shown in Figure 1. One of the interest-
ing features in Figure 1 is that the structure exhibits
an o-agostic interaction, which is obvious from a short
Ti—H, distance (2.28 A), a large methyl tilt angle (6 =
28.0°), and an elongated C,—H, bond length (1.13 A)
compared to the normal C—H bond length (1.10 A). The
electron deficiency of titanium induces the a-agostic
interaction, which contributes to stabilizing the cationic
catalyst. The strength of the agostic interaction is
approximately estimated by performing single-point
energy calculation at 6 = 0° and by comparing the
energy with that of corresponding fully optimized
structure. The analysis reveals that the agostic interac-
tion in the cationic titanocene stabilizes the structure
by ca. 4 kcal/mol.

The Ti—Cen distance (where Cen denotes the center
of Cp, 2.02 A), the Ti—C, bond length (2.09 A), and the
Cen—Ti—Cen angle (133.8°) are comparable to the
experimental results for the nonbridged titanocene
(2.072 A, 2.162 A, and 131.4°, respectively)*® and also
comparable to the results obtained by the ab initio
molecular orbital method (2.084 A, 2.049 A, and 128.2°,
respectively).28

The energy profile with the structure at each of
stationary points for insertion of the first styrene is
shown in Figure 2. The profile is calculated according
to the Cossée—Arlman mechanism,° which is the most
accepted reaction mechanism for the monomer insertion
process. Furthermore, we assume that the insertion
process of styrene monomer follows secondary (2,1-)
insertion because the secondary insertion is experimen-
tally known as the favored process for the styrene
polymerization with this ansa-metallocene catalyst.*®
The overall behavior of the energy profile for styrene
insertion is similar to that generally known for olefin
insertion: (i) the m-complex is formed through an
exothermic process (—19.42 kcal/mol) from isolated free
reactants (i.e., the cationic catalyst (Al) and a styrene
monomer), (ii) an energy barrier (AE = 9.30 kcal/mol)
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Figure 2. Energy profile and structures of z-complex (C1), transition state (T1), and product (P1) for the first insertion of
styrene monomer; bond lengths in angstroms and angles in degrees. Energies are relative to the energy of isolated free reactants
(Al + styrene monomer). Here the number 1 in the notations denotes the first insertion.

should be overcome for progressing to the final product,
and (iii) the final product is energetically stabilized
(—24.16 kcal/mol).

When the structure of the sz-complex (C1) shown in
Figure 2 is compared with the structure of cationic
catalyst (A1) in Figure 1, it is realized that the molec-
ular structure of the z-complex has some characteristic
feature. First, as a styrene monomer approaches the
cationic catalyst, the bent-sandwich angle (6), i.e., the
angle between the Ti—C, bond vector and Cen—Ti—Cen
plane, increases considerably from 13.0° to 49.4° in order
to accommodate the approaching styrene monomer,
which is consistent with previous reports that the
bending motion of methyl group is very flexible.5152
Second, the methyl tilt angle (6) decreases from 28.0°
to 1.6°, and the C4,—H, bond length is shortened from
1.13 to 1.10 A, indicating that an a-agostic interaction
is reduced by coupling of the electron-rich monomer and
the cationic catalyst. It is also noteworthy that the
distance of the Ti—Cj (3.04 A) is much longer than that
of Ti—C, (2.53 A); i.e., the complex is asymmetric,
mainly due to unfavorable steric interaction between
the phenyl ring of styrene monomer and the Cp rings
of the catalyst.

At the transition state (T1), methyl tilt angle ()
increases again from 1.6° to 35.2° to induce an a-agostic
interaction which is obvious from both an elongated C,—
H, length (from 1.10 to 1.13 A) and a decreased Ti—
Co—Hq angle (from 111.6° to 75.9°) compared to those
in the m-complex. The induced a-agostic interaction
contributes to stabilizing the structure at the transition
state, whereas the typical four-centered ring of Ti—C;—
C,—C, destabilizes the structure.

The product (P1), directly obtained from the transi-
tion state (T1) by enchainment of the first styrene
monomer, shows a typical characteristic of y-agostic

structure, which is realized by a short H,—Ti distance
(2.07 A) and an elongated C,—H, bond length (1.13 A)
compared to the normal C—H bond length.

IV. Stereoselectivity

There are two pathways in the second insertion: the
frontside vs the backside insertion of styrene monomer
into the cationic catalyst. The frontside insertion is
defined as the successive insertion of monomers at
alternating side of the active catalyst, while the backside
one is the insertion of every monomer at the same side
of the active catalyst on polymerization. In this section,
the structural characteristics and the energy profile for
the frontside insertion and the backside insertion are
discussed.

Frontside Insertion. Figure 3 represents a molec-
ular structure of the catalyst (A2 for the second
insertion of a styrene monomer, which is obtained from
P1 by rotating the CsH,C,Hs group around the C,—Cpg
bond followed by energy minimization. The energy of
A2¢ (—31.03 kcal/mol) is lower than that of P1 (—24.16
kcal/mol) by 6.87 kcal/mol, which is due to a strong
p-agostic interaction in A2t as shown by a highly
elongated Cs—Hg bond length (1.17 A).

The structure of A2¢ is appropriate for the frontside
insertion of a styrene because the reactive vacant site
(represented by a block arrow in Figure 3) is open
toward the opposite side to the approach direction of
the first styrene, which is represented by a large bent-
sandwich angle (6 = 32.2°). The side view of the catalyst
in Figure 3 shows relative positions of the phenyl ring
of the inserted styrene and the Cp rings of the catalyst.

There are two possible modes in the second insertion
of styrene via the frontside attack: one yields a meso
diad of inserted styrene, which results in isotactic
polystyrene, and the other yields a racemic diad, result-
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Figure 3. Structure of cationic catalyst, SiH,Cp,Ti*—CH(CsHs)CHCHa, for the frontside insertion (A2¢); bond lengths in angstroms
and angles in degrees. The left picture is a top view, and the right is a side view of A2s.
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Figure 4. Energy profile and structures of z-complex (C2s), transition state (T25), and product (P25) during chain propagation
for the second insertion of styrene monomer via the frontside isotactic insertion; bond lengths in angstroms and angles in degrees.
Energies are relative to the energy of isolated free reactants (A2¢ + styrene monomer). Here the number 2 and subscript fi in the
notations denote the second and frontside isotactic insertion, respectively.

ing in syndiotactic polystyrene. The energy profiles and
the structures of stationary points during the second
styrene insertion are shown in Figures 4 and 5 for the
isotactic and the syndiotactic insertions, respectively.
The side view of the w-complex of the second styrene
insertion is provided in the Supporting Information for
visualization of tacticity of the second styrene insertion.

Some geometrical features of the z-complex of the
second insertion (C2g and C2¢ for the isotactic and
syndiotactic insertions, respectively) are similar to those
of the first insertion process: (i) an increased bent-
sandwich angle, 6 (from 32.2° to 47.6° and 48.4° for C2;
and C2ys, respectively); (ii) asymmetric z-complexation
(3.76 A (Ti—C4) and 3.43 A (Ti—C,) for C2¢ and 3.70 A
(Ti—Cy) and 3.33 A (Ti—C,) for C2); (iii) the reduction

of agostic interaction (reduced Cs—Hpg bond length from
1.17 to 1.15 A for both C2f and C2¢s) compared to the
cationic catalyst (A2 in Figure 3). However, the 5-ago-
stic interaction still remains strongly in the z-complex
for the second insertion: the Cg—Hpg bond length of 1.15
A in both C25 and C2¢ is still significantly longer than
the normal C—H bond length of 1.10 A. Consequently,
the magnitude of exothermic energy gain in the z-com-
plex for the second insertion (—6.95 and —6.82 kcal/mol
for isotactic and syndiotactic insertions, respectively) is
smaller than that for the first insertion (—19.42 kcal/
mol shown in Figure 2).

The strong p-agostic interaction is broken at the

transition state, which is shown by a considerably
increased Ti—Hjg distance (3.89 A for T25 and 3.75 A
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Figure 5. Energy profile and structures of z-complex (C2ss), transition state (T2s), and product (P2¢) during chain propagation
for the second insertion of styrene monomer via the frontside syndiotactic insertion; bond lengths in angstroms and angles in
degrees. Energies are relative to the energy of isolated free reactants (A2¢ + styrene monomer). Here the number 2 and subscript
fs in the notations denote the second and the frontside syndiotactic insertion, respectively.

for T2¢) and almost completely recovered Cg—Hg bond
length (1.10 A for T2¢ and 1.11 A for T2¢). Breakage of
the p-agostic interaction and formation of a four-
centered ring structure destabilizes the transition struc-
tures, T25 and T2¢. As a result, the energy barrier for
insertion of the second styrene becomes higher (16.83
and 17.20 kcal/mol for the isotactic and the syndiotactic
insertions, respectively) as compared to that for the first
insertion (9.30 kcal/mol). It should be pointed out that
the difference in the energy barrier between the fron-
tside isotactic and the frontside syndiotactic insertions
is too small (0.37 kcal/mol) to rationalize the stereose-
lectivity of styrene polymerization with this ansa-
metallocene catalyst, considering that the catalyst is
experimentally known as a highly syndiospecific cata-
lyst.48

Furthermore, the -agostic interaction present in the
m-complex for the frontside insertion can lead to another
important reaction, i.e., the Hg-transfer reaction, instead
of chain propagation, because the Hg atom is located in
front of open active site due to the $-agostic interaction
between Hg and titanium. Figures 6 and 7 show the
energy profiles and the structures at stationary points
for the Hg-transfer reaction. The reaction passes through
three stationary points: (i) 7-complex (C2), (ii) transi-
tion state (Tp), and (iii) product (CB). The w-complex
(C2) is exactly identical to that for chain propagation.
At the transition state (T/3), Hg plays a very critical role
of stabilizing the structure by formation of a 5-agostic
interaction, which results in forming a double four-
centered ring, as shown in TS5 and Tffs. The energy
barrier for the Hg-transfer reaction is 14.44 kcal/mol for
isotactic and 13.83 kcal/mol for syndiotactic insertion,
which is lower than that for propagation (16.83 and
17.20 kcal/mol, respectively). This is because the 5-ago-

stic interaction for the Hg-transfer reaction stabilizes
the transition structure Tpr and Tffs, whereas the
pB-agostic interaction is broken in T2 and T2¢s during
chain propagation. Consequently, it is concluded that
the frontside insertion of styrene monomer leads to a
kinetically favorable Hg-transfer reaction rather than
chain propagation. In summary, the frontside insertion
of styrene monomer is not a plausible mechanism for
styrene polymerization with the ansa-metallocene cata-
lyst.

The product of the Hg-transfer reaction becomes
another w-complex (Cf), which is composed of a cationic
catalyst having a styrene unit and a polymer chain
terminated with a C=C double bond. A reverse reaction
between the newly formed cationic catalyst and the C=
C double bond at the end of the polymer chain is also
possible, recovering the initial w-complex (C2). Other
types of Hg-transfer reaction, i.e., the transfer to a metal
center or to a counterion, are not taken into account in
this study because we are concerned only about the Hg-
transfer reaction as a side reaction of chain propagation.

Backside Insertion. The backside insertion, i.e., the
insertion of every monomer at the same side of the
active catalyst, is always accompanied by chain back-
skip. Here, the chain back-skip involves rearrangement
of the vacant site of the active catalyst, forming another
conformational structure of the active catalyst. More
specifically, the chain back-skip is described as an
inversion of the Ti—C, bond vector with respect to the
Cen—Ti—Cen plane of A2;. The mechanism of the chain
back-skip can be regarded as a bending motion of the
Ti—C, bond vector, i.e., a decrease of the bent-sandwich
angle, 6, without rotation of the growing polymer chain
around the Ti—C, bond axis, because the bulky phenyl
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Figure 6. Energy profile and structures of z-complex (C2y), transition state (Ts), and product (Cfsi) during Hs-transfer reaction
for the second insertion of styrene monomer via the frontside isotactic insertion; bond lengths in angstroms and angles in degrees.
Energies are relative to the energy of isolated free reactants (A2; + styrene monomer). Here the letter  and subscript fi in the
notations denote the Hg-transfer reaction and the frontside isotactic insertion, respectively.
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Figure 7. Energy profile and structures of 7z-complex (C2ss), transition state (T/ss), and product (Cfss) during Hs-transfer reaction
for the second insertion of styrene monomer via the frontside syndiotactic insertion; bond lengths in angstroms and angles in
degrees. Energies are relative to the energy of isolated free reactants (A2¢ + styrene monomer). Here the letter § and subscript
fs in the notations denote the Hg-transfer reaction and the frontside syndiotactic insertion, respectively.

ring of the first inserted styrene prevents the growing
chain from rotation.

Following the bending, the bending energy is plotted
against the bent-sandwich angle (0) in Figure 8. As
shown in Figure 8, the activation energy for the chain
back-skip is negligibly small, and A2y, is thermodynami-
cally more stable than A2¢ by 3.15 kcal/mol, which
suggests that the chain back-skip is a kinetically fast
and thermodynamically favorable process. In other
words, the product of the first insertion is expected to
take a form of A2, appropriate for the backside insertion
rather than that of A2¢ for the frontside insertion. When
the side view of A2 in Figure 3 is compared with that

of A2, in Figure 9, it is realized that the repulsive
interaction between the bulky phenyl ring of styrene
and the ligands of catalyst in A2y, is reduced by the
chain back-skip as compared to A2;.

As shown in Figure 9, A2, also shows a f-agostic
interaction stabilizing the cationic catalyst, as mani-
fested by short Ti—Hj distance (1.88 A), small Ti—C,—
Cp angle (82.0°), and highly elongated Cz—Hg bond
length (1.22 A). An inversion of the bent-sandwich angle,
0, from 32.2° (in A2 to —10.0° (in A2,) implies that
A2y is appropriate for the backside insertion of styrene
represented by a block arrow.
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Figure 8. Calculated energy profiles for the chain back-skip

from A2¢to A2,. The energy with change of the bent-sandwich
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The energy profiles for the backside insertion of the
second styrene monomer are shown with structures at
each state in Figures 10 and 11 for the isotactic and
the syndiotactic insertion, respectively. Here, the energy
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is relative to the sum of energies of a styrene monomer
and the cationic catalyst, A2;. When the energy profile
for isotactic insertion (Figure 10) is compared with that
for syndiotactic insertion (Figure 11), it reveals that the
energy barrier for enchainment of the second styrene
monomer in the syndiotactic insertion (15.20 kcal/mol)
is considerably lower than that of the isotactic insertion
(18.22 kcal/mol), which indicates that the backside
insertion rationalizes the syndiospecific stereoselectivity
of the ansa-metallocene catalyst used in this study. A
basic reason for this stereoselectivity of the catalyst is
a repulsive interaction between two phenyl rings in two
styrene units, i.e., the preinserted styrene and the
second approaching one. Other views (Figure 12) of the
transition structures for the isotactic (T2p;) and the
syndiotactic insertion (T2ps) show more clearly that the
isotactic insertion undergoes sterically more crowded
state than does the syndiotactic insertion: in the
isotactic insertion (T2pi), two phenyl rings of styrene
monomers are located at the same side with respect to
the plane defined by the C;—C, bond vector and the

Figure 9. Structure of cationic catalyst, SiH,Cp,Ti*—CH(CsHs)CH.CHa, for the backside insertion (A2y); bond lengths in angstroms
and and angles in degrees. The left picture is a top view, and the right is a side view of A2;.
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Figure 10. Energy profile and structures of complex (C2y;), transition state (T2y;), and product (P2,i) during chain propagation
for the second insertion of styrene monomer via the backside isotactic insertion; bond lengths in angstroms and angles in degrees.
Energies are relative to the energy of isolated free reactants (A2¢ + styrene monomer). Here the number 2 and subscript bi in the
notations denote the second insertion and the backside isotactic insertion, respectively.



5748 Yang et al.

Macromolecules, Vol. 37, No. 15, 2004

T2,,

i 7.13
— 15.20 A2+ styrene
s 0 -
=)
T
S y (TZI'I\
~2
= _10 —8.07
g 10
]
-
5]
=
S

szs szs

Figure 11. Energy profile and structures of complex (C2ys), transition state (T2ps), and product (P2ys) during chain propagation
for the second insertion of styrene monomer via the backside syndiotactic insertion; bond lengths in angstroms and angles in
degrees. Energies are relative to the energy of isolated free reactants (A2: + styrene monomer). Here, the number 2 and subscript
bs in the notations denote the second insertion and the backside syndiotactic insertion, respectively.

titanium atom, while in the syndiotactic insertion (T2ps),
the two phenyl rings are separately located at different
sides. Because the two phenyl rings and Cp ligands
repulse each other, the more crowded transition state,
T2pi, has an essentially higher energy than T2ps.

In general, a chiral site control,53~55 which is assumed
that the ligand controls directly the facial preference of
an incoming monomer (re- or si-), has well explained
the stereoselectivity of the catalysts based on stereorigid
chiral metallocenes.3053:55.56 However, this cannot ra-
tionalize our results because the catalyst in our study
is Cy-symmetric, i.e., symmetrically achiral. In other
words, this catalyst has inherently no preference be-
tween the isotactic and the syndiotactic insertion of
styrene monomer. On the contrary, the chain-end-
control mechanism, stating that the last inserted mono-
mer controls the chirality of the next inserted mono-
mer,33:57:58 syccessfully explains the stereoselectivity in
our case because the steric hindrance due to the phenyl
ring of the preinserted styrene determines the energet-
ics of insertion of the next styrene. Therefore, it is
concluded that the chirality of insertion of the ap-
proaching styrene monomer, i.e., the stereoselectivity
for the styrene insertion, is controlled by the chain-end-
control mechanism.

It should be noted that the Hg-transfer reaction does
not occur in the backside insertion because the Hg atom
is not located in front of open active site while the second
styrene monomer approaches the open active site ac-
companying with the chain back-skip. As a result, the
pB-agostic interaction is not broken by the insertion of
styrene, and therefore the -agostic interaction stabi-
lizes the structure of transition state for the backside
insertion. This g-agostic interaction is a very interesting
feature because it has never been found in the case of
olefin insertion, where an a-agostic interaction has been
known as a major factor stabilizing the transition
state.>®=61 Therefore, it is necessary to compare the
energetics of the transition state showing a (-agostic
interaction (T2p; and T2ys) with that showing an a-ago-

stic interaction (Tapi and Tays). The Tap; and Tops were
obtained from the T2, and T2pi, respectively, by
swapping the relative position of the ethyl group for the
H atom bonded to C, atom and by optimizing the energy
of the structure in the presence of the identical con-
straint with T2ps and T2y in their reaction coordinate.
The result of energy calculation shows that, regardless
of tacticity, the transition states showing an a-agostic
interaction are energetically less stable (10.00 kcal/mol
for Towi and 9.32 kcal/mol for Tays) than those showing
a fp-agostic interaction (9.39 kcal/mol for T2p; and 7.13
kcal/mol for T2ps). This is because the a-agostic struc-
ture has highly repulsive interactions between phenyl
group of the preinserted styrene and Cp ring of catalyst
ligands and between the ethyl group and the other Cp
ring, as can be seen in Figure 13. The differences in
insertion characteristics between olefin and styrene
monomer can be rationalized by the difference in their
regiospecificity: the olefin insertion proceeds via the
primary insertion, i.e., no bulky group is bonded to C,
atom except the growing chain, whereas the styrene
insertion proceeds via the secondary insertion resulting
that two bulky groups, i.e., phenyl group and growing
chain, are bonded to the C, atom. Therefore, the
transition state showing an o-agostic interaction is
destabilized by the repulsive interaction between the
bulky groups bonded to the C, atom and catalytic
ligands. In short, the styrene insertion into this type of
metallocene catalyst follows the mechanism of syndio-
tactic backside insertion characterized by the S-agostic
interaction at the transition state, where the energy
barrier for enchainment of styrene is lower than any
other enchainment processes of styrene.

Finally, the catalyst structure for the third insertion
should be considered in order to generalize the insertion
mechanism proposed for the second insertion, although
the inserting process itself of the third styrene is not
performed in this study. As described for the second
insertion, the structure of catalyst for the backside
insertion is thermodynamically more stable than that
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Figure 12. Side views of structures of transition states for
the second backside isotactic (T2pi) and syndiotactic (T2ps)
insertions. The arrows represent the interaction between two
phenyl rings of the preinserted and the second approaching
styrene monomers. The ligands of catalyst are represented by
a thin stick mode for simplicity.

for the frontside insertion due to relief of the repulsive
interaction between the phenyl ring of the preinserted
styrene monomer and the ligand of the catalyst in the
former case. This is the most important factor support-
ing the fact that the backside insertion is a dominant
process, which yields highly syndiospecific polystyrene.
To confirm that the mechanism proposed for the second
insertion is also acceptable for the third insertion, two
structures of the catalyst, i.e., one for frontside insertion
(A3 in Figure 14) and the other for backside insertion
(A3p in Figure 14), are first generated by changing the
conformational structure of the syndiotactic product
obtained via the backside insertion (P2ps) and then
compared with each other. Both cases show a $-agostic
interaction, as shown in Figure 14, where a block arrow
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Figure 13. Structures of transition states for the isotactic
(Tawi) and the syndiotactic (Toys) insertions showing an
a-agostic interaction. Two arrows of each structure represent
the repulsive interactions between phenyl ring of the prein-
serted styrene and one of Cp ring of catalyst ligands and
between the ethyl group and the other Cp ring. The phenyl
ring of the second styrene monomer is represented by a thin
stick mode for simplicity.

indicates the reactive vacant site. Relative energies of
the two structures are —21.51 kcal/mol for A3¢ and
—23.62 kcal/mol for A3y; i.e., the energy of A3y, is lower
than that of A3; by 2.11 kcal/mol, which is very
consistent with the result for the second insertion.
Similarly to the second insertion, it is also because the
repulsive interaction in A3, between the bulky phenyl
ring of the last inserted (the second inserted in this
study) styrene and the Cp ligands of the catalyst is lower
than that in A3s. Therefore, it is concluded that the
mechanism proposed for the second insertion can be
expanded to higher insertions of styrene polymerization.

V. Summary

A DFT study on the origin of stereoselectivity for
syndiotactic polymerization of styrene with ansa-met-
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A3,

Figure 14. Structures of cationic catalyst, SiH,Cp,Ti*—(CH-
(CeHs)CH>),CHj3, for the third insertion. The top is for the
frontside insertion (A3f), and the other is for the backside
insertion (A3p); bond lengths in angstroms and and angles in
degrees.

allocene is presented. It is found that the backside
insertion is favored over the frontside insertion because
the cationic catalyst for the backside insertion is ther-
modynamically more stable than that for the frontside
insertion. The backside insertion mechanism explains
the stereoselectivity of styrene insertion in accordance
with the chain-end control, which is evident because the
last inserted styrene monomer plays a critical role in
determining the chirality of the next styrene monomer.
The backside insertion mechanism can be summarized
as follows: (i) the absence of the Hg-transfer reaction
as a result of the chain back-skip and (ii) the propaga-
tion without breakage of the p-agostic interaction
stabilizing the transition state, which results in reduc-
tion of the energy barrier for styrene insertion.
Although all explanations presented in this study
satisfy self-consistency, an ambiguity still remains to
be elucidated with regard to the role of counterion
during styrene insertion. For example, in real catalytic
system, the barrier to the back-skip might be increased
due to the presence of a bulky counterion, and the
counterion may also reduce the strength of agostic
interaction stabilizing the transition state for monomer
insertion by providing the cationic catalyst with elec-
trons. The effect of the counterion on the monomer
insertion during the metallocene-based polymerization
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has been the subject of our study and will be published
in the future.
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